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The planar Hall effect (PHE), the appearance of an in-plane transverse voltage in the presence
of co-planar electric (E) and magnetic (B) fields, occurs in regular Weyl semimetals (WSMs) as
one of the fundamental manifestations of chiral anomaly. A major issue, therefore, is whether
there are alternate route to PHE, without invoking chiral anomaly. We demonstrate that PHE
exists in an inhomogeneous Weyl semimetal (IWSM) even in the absence of the aforesaid anomaly.
Using semiclassical Boltzmann transport theory, we show that PHE appears in an IWSM due to
the strain-induced chiral gauge potential, which couples to the Weyl fermions of opposite chirality
with opposite sign. Our study shows a resultant phase shift in the current associated with opposite
chirality Weyl nodes, which, remarkably, leads to a finite chirality-dependent planar Hall effect
(CPHE) in the IWSMs. Interestingly, we show that a small tilt in the Weyl node can generate a
pure CPHE even in the absence of an applied magnetic field. The CPHE has important implications
in ‘chiralitytronics’. We also discuss the experimental feasibility of these novel effects of strain in
type-I IWSMs.
Introduction:- Theoretical predictions and experi-
mental discoveries of Weyl semimetals (WSMs) have
led to an explosion of activities in the area of three-
dimensional topological systems in recent years. Weyl
semimetals appear as topologically nontrivial conduc-
tors where the spin-nondegenerate valence and conduc-
tion bands touch at isolated points in momentum space,
the so-called “Weyl nodes”1–8. The Weyl nodes with op-
posite chirality appear in pairs in the absence of time-
reversal symmetry (TRS) or inversion symmetry3–7,9–11.
Thus the chirality of Weyl fermions is an emergent prop-
erty and ubiquitous in WSMs. The possibility to probe
and manipulation of it, remain a challenge both in ex-
periment as well as in theory.
Another intriguing property of a WSM is the chiral
anomaly i.e., the anomalous non-conservation of chiral
current in the presence of external fields parallel to each
other. The appearances of negative magnetoresistance
and PHE in WSMs are the indications of the chiral
anomaly, which have been attracted intense experimen-
tal and theoretical interest12–28. PHE in WSMs mani-
fests itself when the applied current, magnetic field, and
the induced transverse voltage all lie in the same plane,
precisely the configuration where the conventional Hall
effect vanishes19. This is indeed in contrast to the chiral
magnetic effect (CME) which refers to an electric cur-
rent flowing along the direction of the applied magnetic
field triggered by the chirality imbalance in the Weyl
nodes. The difference between CME and PHE is that
the CME current appears always along the direction of
the applied magnetic field and without any electric field
whereas the planar Hall current flows perpendicular to
the applied in-plane electric field irrespective of the di-
rection of the applied in-plane magnetic field. However,
with the discovery of PHE, a natural question immedi-
ately arises whether it can be used as a chirality probe
in a WSM. Unfortunately, chirality is ill-defined in this
situation since the applied magnetic field can’t differen-
tiate the opposite chiral nodes. However, in the case of
an inhomogeneous Weyl semimetal (IWSM), the pseudo-
magnetic field couples opposite chiral Weyl fermions with
an opposite signs29–36 which, paves the way toward the
realization of chirality dependent PHE (CPHE).
The spatial or temporal variation of Weyl nodes sepa-
ration (b0,b) generate chiral pseudomagnetic field (B5 =
∇×b) and pseudoelectric field (E5 = −∇b0− ∂tb)32–34.
In the presence of both electromagnetic and pseudo-
electromagnetic fields, the covariant anomaly relations
can be written as30,32,33:
∂tρ5 +∇ · j5 = e
2
2pi2~2
(E ·B + E5 ·B5) (1)
∂tρ+∇ · j = e
2
2pi2~2
(E ·B5 + E5 ·B), (2)
where ρ and ρ5 are the total electron and chiral den-
sity, respectively, and j and j5 are current densities as-
sociated to ρ and ρ5 respectively. ρ5 = ρR − ρL, repre-
sents the difference between the charge densities associ-
ated with the right- and left-handed Weyl points. Eq. (1)
expresses the famous chiral anomaly represented by real
fields (E ·B) or pseudo-electromagnetic fields (E5 ·B5).
Eq. (2) suggests that the total charge conservation is vi-
olated if either E5 6= 0 or B5 6= 0 in the presence of real
external fields. For a TRS-broken but inversion sym-
metric IWSM having no temporal variation of b, there
will be no pseudo-electric field present and the viola-
tion of total charge conservation is apparently due to the
term ∝ E · B5. Now, in order to conserve the electric
charge locally as well as to get the corresponding consis-
tent currents37, one should redefine electric four-current
density taking into consideration the topological Chern-
Simons contribution38.
A TRS-breaking IWSM, where E5 = 0, presents
a fascinating ground for the search of novel transport
signatures due to the presence of the anomaly. The
ar
X
iv
:1
91
1.
01
13
0v
2 
 [c
on
d-
ma
t.s
tr-
el]
  1
5 S
ep
 20
20
2anomaly is exhibited through the enhancement of lon-
gitudinal magnetoconductivity (LMC) as σ ∼ B25 due
to the pseudo-magnetic field32. It is natural to query
how this anomaly is manifested in PHE. More impor-
tantly, whether PHE and CPHE can be realized in the
absence of chiral anomaly i.e., solely due to the underly-
ing pseudo-magnetic field.
Our study for a TRS broken but inversion symmet-
ric type-I IWSM shows that PHE can exists due to the
pseudo magnetic field and the related anomaly. The field
B5 acting with an opposite sign at two opposite chiral
nodes. Thus, it brings a novel chirality-dependent PHE
(CPHE), which is defined as the difference of contribu-
tions from the two nodes of different chiralities. In a
nontilted IWSM, CPHE is finite when B and B5 are
both presents and remarkably, a small tilt in Weyl nodes
can lead to a finite CPHE even in the absence of real
magnetic field. Thus CPHE presents a new scheme to
manipulate the chirality index in a WSM. Recent exper-
imental realizations39–41 of IWSMs add to the quest for
these outcomes.
Boltzmann formalism in an inhomogeneous
Weyl Semimetal:- The momentum space Hamiltonian
for a linearized tilted Weyl node can be expressed as
Hχ = ~vF (χk · σ + γχ · kσ0)− µ, (3)
where vF is the Fermi velocity, χ is the chirality asso-
ciated with the Weyl node, σ represents the vector of
Pauli matrices, σ0 is the identity matrix, and γχ is the
tilt parameter along arbitary kˆ-direction. We choose that
tilting is along the kx-direction for the rest of our work
without any loss of generality42. In this work, we con-
sider both the cases of chiral and non-chiral tilt in case
of time reversal broken WSM with two tilted type-I Weyl
cones. In case of chiral tilt, two Weyl cones are tilted in
the opposite direction exactly by the same amount, i.e.,
γχ = χγxkˆx. But non-chiral tilt simply means γχ = γxkˆx,
i.e., the Weyl cones tilt in the same direction by the same
amount. Here we restrict our discussion for type-I WSM
(γx < 1) where we always have the point-like Fermi sur-
face at the Weyl node. However, we’ll use the natural
unit for rest of this work, that is, ~ = c = 1.
One of the key concepts in developing the formalism
for planar Hall effect in an IWSM is that, in presence of
external magnetic field as well as static strain applied
to these systems, chiral charges feel different effective
fields given by Bχ = B + χB5 according to their chirali-
ties29,32,43. Now, we briefly present the semi-classical for-
mula for the planar Hall conductivity (PHC) and longitu-
dinal magneto-conductivity (LMC). We have performed
our calculations taking B ∼ 0−3T , B5 ∼ 0−3T and con-
sidering temperature T  (√B,√B5) µ. The Landau
quantization can be neglected in these low magnetic field
(B,B5) regime. The transport properties of electrons
can be understood using the famous phenomenological
Boltzmann transport equation44.
To calculate planar Hall effect in the presence of real
as well as pseudomagnetic fields, we apply the electric
field along the x-axis and the real magnetic field in the
xy plane i.e., E = Exˆ and B = B cos θbxˆ + B sin θbyˆ.
We apply the strain in such a way that the pseudo-
magnetic field is also lying on the xy-plane i.e., B5 =
B5 cos θsxˆ+B5 sin θsyˆ. Here, θb (θs) is the angle between
electric field and real (pseudomagnetic) field. In the pres-
ence of the effective magnetic field Bχ = (B +χB5) and
electric field E, the semiclassical equations of motion are
given in the Supplemental Material45. Considering spa-
tially uniform field in steady state condition, retaining
only the contributions due to linear response, the gen-
eral expression of the longitudinal conductivity and pla-
nar Hall conductivity associated with each Weyl node
with chirality χ are calculated, respectively, as
σχxx = −
e2τ
(2pi)3
∫
d3kDχk [v
2
x + 2evx(Bχ · xˆ)(vk ·Ωχk )
+e2(Bχ · xˆ)2(vk ·Ωχk )2]
(
∂feq
∂k
)
(4)
σχyx = −
e2τ
(2pi)3
∫
d3kDχk [vxvy + evy(Bχ · xˆ)(vk ·Ωχk )
+evx(Bχ · yˆ)(vk ·Ωχk )
+e2(Bχ · xˆ)(Bχ · yˆ)(vk ·Ωχk )2]
(
∂feq
∂k
)
(5)
where vk =
∂k
∂kχ
is the group velocity andDχk = [1+e(Bχ·
Ωχk)]
−1 depicts the modification of the phase space vol-
ume in the simultaneous presence of magnetic field and
Berry curvature Ωχk
46–48. It is noteworthy that the topo-
logical Chern-Simons current does not contribute to both
the planar Hall and longitudinal electric currents in our
setup45. The higher order corrections due to the inho-
mogeneous Fermi velocity is neglected in this work49–51.
From Eqs.(4, 5), We now define the total conductivity
σTij and chirality dependent conductivity σ
C
ij as follows:
σTij = σ
χ=+1
ij + σ
χ=−1
ij (6)
σCij = σ
χ=+1
ij − σχ=−1ij (7)
Conductivities in an inhomogeneous Weyl
Semimetal: Following the formalism described in the
previous section, we have analytically calculated the to-
tal LMC and PHC in case of non-tilted as well as tilted
type-I IWSMs. The expressions for total LMC (σTxx), and
PHC (σTyx) for nontilted case are given by
45:
σTxx =
e2µ2τ
3pi2vF
+
e4v3F τ
60pi2µ2B
2 +
e4v3F τ
60pi2µ2B
2
5
+
7e4v3F τ
60pi2µ2 (B
2 cos2 θb +B
2
5 cos
2 θs), (8)
σTyx =
7e4v3F τ
60pi2µ2 (B
2 sin 2θb +B
2
5 sin 2θs) (9)
The chirality-dependent longitudinal magneto-
conductivity and planar Hall conductivity (CPHC)
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FIG. 1. Non-tilted IWSM. The angular (θb) dependence of
σ+yx (black solid line), σ
−
yx (green line), σ
C
yx (red solid line)
and σTyx (blue dotted line). We fix θs = pi/2 and θs = 0 in left
and right panel respectively. The other parameters are B =
B5 = 0.5T, µ = 20meV. All the conductivities are normalized
by the corresponding total longitudinal conductivity without
effective magnetic field σTxx(B = B5 = 0). See text for details.
in case of non-tilted IWSMs are calculated as45:
σCxx = BB5
e4v3F τ
15pi2µ2
(4 cos θb cos θs +
1
2
sin θb sin θs),(10)
σCyx =
7e4v3F τ
60pi2µ2
BB5 sin(θb + θs). (11)
The conductivities σχij of two opposite chirality sectors
in Eqs.(4,5) in nontilted case, are related by: σ+ij(B) =
σ−ij(−B) and σ+ij(B5) = σ−ij(−B5). Thus, σTij and σCij are
respectively even and odd functions of B or B5. This
implies σ
T (C)
xx and σ
T (C)
yx both have a quadratic (linear)
dependency on B or B5. In a normal WSM (where
B5 = 0) both ∆σ
T
xx = (σ
T
xx(B) − σTxx(B = 0)) and σTyx
varies respectively as B2 cos2 θb and B
2 sin 2θb with re-
spect to applied magnetic field. The strain manifests
itself by generating B5 and enhances the LMC as well
as the PHC, which are illustrated in Eqs.(8,9). This
enhancement of conductivities is attributed to the chi-
ral pseudo-magnetic effect32. Now, remarkably, if we set
B = 0, σTyx as well as σ
T
xx still remain finite. In that
case ∆σTxx and σ
T
yx follows B
2
5 cos
2 θs and B
2
5 sin 2θs de-
pendence with pseudo-magnetic field. This result has
a profound significance. As B = 0, the familiar chiral
anomaly ∼ E·B is absent here. Consequently, the covari-
ant anomaly equations simplify to: ∂tρ +∇ · j ∼ E ·B5
and ∂tρ5 + ∇ · j5 ∼ 0. Furthermore, with B = 0, the
topological charge density (ρCS) vanishes and the current
density (jCS) is: jCS ∼ (b×E), which is responsible for
the strain-induced anomalous Hall effect in a WSM (see
Supplemental Material45). Thus, PHE may find its exis-
tence solely as a strain induced effect in IWSMs. From
Eqs.(10,11) it is clear that both the chiral dependent con-
ductivities (CDCs) σCxx and σ
C
yx vanish in absence of ei-
ther B or B5. It is also evident that, CDCs are tunable
by the angle θb for any strain configuration.
In absence of B5, the conductivities σ
+
ij and σ
−
ij of
two chiralities are identical. The total conductivity is
twice of σ+ij or σ
−
ij . A finite B5 shifts the phase oppo-
sitely of two opposite chiral nodes which leads a finite
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FIG. 2. Tilted IWSM (chiral-tilt). Left panel shows the pla-
nar Hall conductivity σ+yx (black solid line) and σ
−
yx (green
dotted line) from each nodes of a tilted Weyl semimetal. Right
panel shows Chirality dependent planar Hall conductivity σCyx
(red solid line) and total planar Hall conductivity σTyx (blue
dotted line). We set the parameters are B = 0, B5 = 0.5T and
θb = 0. All the plots are for γx = 0.2 and the conductivities
are normalized by the corresponding total longitudinal con-
ductivity without effective magnetic field σTxx(B = B5 = 0).
chiral dependent conductivity. We present our numer-
ical results of angular dependence θb of σyx in Fig.(1)
for θs = pi/2 (in the left panel) i.e., B5 ⊥ E and
θs = 0 (in the right panel) i.e., B5 ‖ E. The corre-
sponding analytical form of PHC of two chiralities are
given: σ±yx(θs = pi/2) = C1B
2 sin 2θb ± C2BB5 cos θb
and σ±yx(θs = 0) = C1B
2 sin 2θb ± C2BB5 sin θb, with
C1 and C2 are constants independent of B and B5. The
black and green lines in Fig.(1) are displayed for σ+yx and
σ−yx, respectively. It is evident that PHC of two oppo-
site chiralities are different, i.e., σ+yx(θb) 6= σ−yx(θb), ex-
cept at some specific values of θb where they both be-
come zero. PHC of each chirality σχyx(θb) vanishes at
θb = (2n+ 1)pi/2 and θb = npi respectively, for θs = pi/2
and θs = 0. Also, PHC of opposite chiralities are related
by: σ−yx(θb) = σ
+
yx(θb ± pi). This implies that CPHC and
total PHC are satisfying: σCyx(θb ± pi) = −σCyx(θb) and
σTyx(θb ± pi) = σTyx(θb), respectively. Thus the important
difference between CPHC and total PHC is that the for-
mer has 2pi periodicity whereas later has pi periodicity
with θb. This holds true also for tilted IWSMs, discussed
later. The solid red line in each panel of Fig. 1 displays
the results for CPHC and blue dotted line displays the
total PHC, respectively. Moreover, σCyx(θb) is an even
function (i.e., σCyx(θb) = σ
C
yx(−θb)) for θs = pi/2 and odd
function (i.e., σCyx(θb) = −σCyx(−θb)) for θs = 0, respec-
tively. Correspondingly, this leads to a finite CPHC at
θb = npi (in left panel of Fig. 1) and θb = (2n+ 1)pi/2 (in
right panel of Fig. 1), where the total PHC remains zero.
This is one of the striking results here: the situation is
akin to the pure valley current in valleytronics52 and we
call this effect pure CPHE. The important point we have
noticed is that a pure CPHE occurs only for θs = pi/2 or
θs = 0 (see Eq.(9) and Eq.(11)).
Now we move to our discussions on the tilted type-I
IWSM. Here, our analytical calculations reveal the total
4FIG. 3. Density plot of σCyx (left panel )and density plot of σ
T
yx
(right panel) with B and θb. We fix B5 = 0.5T and θs = pi/2.
All the plots are for γx = 0.2 and the conductivities are nor-
malized by the corresponding total longitudinal conductivity
without effective magnetic field σTxx(B = B5 = 0).
LMC and PHC for an IWSM with chiral tilt, as follows45:
σTxx =
e2µ2τ
pi2vF
( 13 + 2γ
4
x) +
2e4v3F τ
15pi2µ2 (B
2 cos2 θb +B
2
5 cos
2 θs)
+
e4v3F τ
60pi2µ2 (1 + 7γ
2
x)(B
2 sin2 θb +B
2
5 sin
2 θs)
+ e
3vF τ
6pi2 (
23
5 γx + γ
3
x)B cos θb, (12)
σTyx =
e4v3F τ
40pi2µ2 (
7
3 + γ
2
x)(B
2 sin 2θb +B
2
5 sin 2θs)
+ e
3vF τ
15pi2 (
11
2 γx + γ
3
x)B sin θb (13)
The total conductivities in Eqs.(12,13) include
quadratic variation of B and B5, along with a linear
term in B. In case of non-chiral tilt, the expressions for
total LMC and PHC can be obtained by interchanging B
and B5, θb and θs in Eqs. (12) and (13) respectively
45.
So, both LMC and PHC are enhanced due to the chi-
ral pseudomagnetic effect in tilted IWSM. Remarkably,
for chiral (non-chiral) tilt, they exist even in absence of
magnetic (pseudo-magnetic) field. This astonishing out-
come is owing to the interplay between tilting term and
E ·B5 anomaly in IWSMs. The linear term in the con-
ductivities contains odd power in γx. It is independent
of µ since, the tilting causes a finite density of states
near Weyl nodes. Thus the total conductivities can be
tunable by the angular variation of fields at the nodes.
It is clear that, ∆σTxx and σ
T
yx, in the case of chiral tilt,
respectively show B25 cos
2 θs and B
2
5 sin 2θs dependencies
whereas vary as B5 cos θs and B5 sin θs for non-chiral tilt
respectively. Interestingly, we find that ∆σTxx and σ
T
yx in
a non-chiral tilted IWSM, behave similarly with external
magnetic field compare to the non-tilted case45.
The analytical form of chirality-dependent longitudinal
magneto-conductivity (CLMC) and planar Hall conduc-
tivity (CPHC) in case of chiral-tilted type-I IWSMs are
calculated analytically as45:
σCxx =
4e4v3F τ
15pi2µ2
BB5 cos θb cos θs
+
e3vF τ
6pi2
(
23
5
γx + γ
3
x)B5 cos θs
+
4e4v3F τ
30pi2µ2
(1 + 7γ2x)BB5 sin θb sin θs (14)
σCyx =
e4v3F τ
20pi2µ2
(
7
3
+ γ2x)BB5 sin(θb + θs)
+
e3vF τ
15pi2
(
11
2
γx + γ
3
x)B5 sin θs. (15)
It is evident from Eqs.(14,15) that, in case of chiral
tilt even in the absence of B, σCij is finite, becomes in-
dependent of µ and depends only on the odd powers of
γx. This is a remarkable feature shown by a TRS bro-
ken tilted type-I IWSM. The expressions for chirality-
dependent conductivities in case of non-chiral tilt can be
obtained by interchanging B and B5, θb and θs in Eqs.
(14) and (15) respectively45. Thus CDC are also tun-
able at the Weyl nodes. Interestingly, σCij vanishes for an
IWSM with non-chiral tilt in absence of B. A finite CDC
in case of chiral tilt implies a difference of σχij between the
two nodes i.e., σ+ij(θb, θs) 6= σ−ij(θb, θs). The angular θs
dependence of σχyx of a tilted IWSM with B = 0 is shown
in the left panel of Fig. 2. PHC in the nodes of different
chirality are related: σ−yx(θs) = σ
+
yx(θs ± pi). This is due
to the fact that the linear term of PHC depends only on
odd powers of γx and thus has opposite sign in the two
chiralities sector. We show the variation of σTyx(B = 0)
and σCyx(B = 0) with θs for a finite γx, in the right panel
of Fig. 2. It is evident that σCyx(B = 0) is maximum
while, σTyx(B = 0) vanishes at θs = pi/2 and hence a pure
CPHE is feasible.
We now discuss the finite B effect on a pure CPHE of
chiral-tilted IWSM. We show the density plot σCyx(θs =
pi/2) and σTyx(θs = pi/2) with B and θb respectively
in the left and right panel of Fig.(3). The expressions
of σCyx(θs = pi/2) and σ
T
yx(θs = pi/2) are follows from
Eq. 13: σCyx(θs = pi/2) = C1BB5 cos θb + C2B5 and
σTyx(θs = pi/2) = C3B
2 sin 2θb + C4B sin θb , where Ci’s
are constants independent of B and B5. Therefore, a
pure CPHE occurs at θb = npi, shown in Fig.(3). How-
ever, the expressions of σCyx(θs = 0) is given: σ
C
yx(θs =
0) = C3BB5 sin θb and σ
T
yx(θs = 0) = σ
T
yx(θs = pi/2).
Hence, different from non-tilted IWSM, a pure CPHE is
absent for θs = 0 and only emerge for θs = pi/2.
The possibility of a pure CPHE, even in the absence
of real magnetic fields, looks very promising. The CPHE
results in the separation and accumulation of left and
right chiral fermions on opposite surfaces of WSM. The
chirality population difference at one surface is given
as: δn = τσCyxE/e. From Ref.
53, we take an electric
field |E| = 10V/mm, |B| and |B5| = 1T and assuming
τ ∼ 1ps, we find chirality population difference to be
∼ 450/µm2 and ∼ 1500/µm2 for γx = 0 and γx = 0.2,
5respectively. This chirality-polarization leads to an un-
equal optical activity on the opposite surfaces. This
would manifest in a difference of absorption of left and
right handed circularly polarised light at the two sur-
faces. Consequently, the optical activity can be detected
via circular dichroism experiment53.
Conclusion: To summarize, using semiclassical
Boltzmann formalism, we establish that the strain itself
can generate PHE in IWSMs without invoking the chi-
ral anomaly. Thus the total conductivities (both PHC
and LMC) get enhanced in the presence of the real elec-
tromagnetic field. Moreover, the novel strain-induced
effects in IWSMs manifests itself by producing a finite
CDC which is tunable by angular variation of the real
magnetic field. As a consequence, a pure CPHE is re-
alizable in IWSMs and occurs in the presence of both
applied magnetic field and pseudo-magnetic field. It is
worth noting that CPHE can be found in the absence of
B in an IWSM with chiral-tilted Weyl nodes. We discuss
its possible experimental verifications and provide expla-
nations for its existence. Our general analysis provides
an alternate route to explore PHE in WSMs and utilize
the chiral degrees of freedom for real applications.
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I. DERIVATIONS OF ANALYTICAL
EXPRESSIONS FOR ZERO-TEMPERATURE
MAGNETOCONDUCTIVITIES
We start with the momentum space Hamiltonian for a
linearized tilted Weyl node expressed as
Hχ = ~vF (χk · σ + γχ · kσ0)− µ, (1)
where vF is the Fermi velocity, χ = ±1 is the chirality
associated with the Weyl node, σi represents the Pauli
matrices, σ0 is the identity matrix, and µ is the chemical
potential. We choose the tilt along the kx-direction.
The Boltzmann kinetic equation used here to under-
stand the transport properties of electrons:
(
∂
∂t
+ r˙χ · ∇r + k˙χ · ∇k)fχr,k,t = Icoll[fχr,k,t], (2)
ms where on the right hand side Icoll[f
χ
r,k,t] is the col-
lision integral, which, within relaxation time approx-
imation, takes the analytical form as: Icoll[f
χ
r,k,t] =
(feq−fχk )/τ(k) with τ(k) is the relaxation time. fχk is the
electron distribution function, kχ is the quasimomentum
and feq is the equilibrium Fermi-Dirac distribution func-
tion that describes electron distribution in the absence
of any external field. Here, we ignore the momentum de-
pendence of the relaxation time for simplicity. Now in the
presence of the effective magnetic field Bχ = (B + χB5)
and electric field E, the semiclassical equations of motion
are calculated as:
r˙χ = D
χ
k [vk + e(E×Ωχk) + e(vk ·Ωχk)Bχ]
k˙χ = D
χ
k [eE + e(vk ×Bχ) + e2(E ·Bχ)Ωχk], (3)
where vk =
∂k
∂kχ
is the group velocity and Dχk = [1 +
e(Bχ ·Ωχk)]−1 depicts the modification of the phase space
volume in the simultaneous presence of magnetic field
and Berry curvature Ωχk. The charge and current density
for a single chirality is given by,
ρχ = e
∫
d3k
(2pi)3
Dχk
−1
fχk (4)
jχ = e
∫
d3k
(2pi)3
Dχk
−1
r˙χf
χ
k (5)
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To calculate zero-temperature magnetoconductivities,
(
∂feq
∂k
) = −δ(k − µ) because feq = Θ(k − µ) where Θ
is the Heaviside step function. We have supposed that
the Fermi level lies above the Weyl node, namely µ > 0
and the band above the node is indexed as a positive
one. Consequently, we’ll use only the positive sign in the
dispersion, k = vF [γxkx±k], where k =
√
k2x + k
2
y + k
2
z .
Consequently, for upper band, the velocity vector is cal-
culated as vk = vF [γx +
kx
k ,
ky
k ,
kz
k ] and the Berry curva-
ture is Ωχk = χ
k
2k3 .
Because in presence of external magnetic field as well as
static strain applied to the system, chiral charges feel
different effective fields given by Bχ = B + χB5, ac-
cording to our setup discussed in the main text, Bx =
B cos θb + χB5 cos θs and By = B sin θb + χB5 sin θs.
We now define the total conductivity σTij and chirality
dependent conductivity σCij as follows:
σTij = σ
χ=+1
ij + σ
χ=−1
ij (6)
σCij = σ
χ=+1
ij − σχ=−1ij (7)
A. Local charge nonconservation and consistent
currents
Using Eqs.(2,4,5) and together with Maxwell’s equa-
tion, one can derive the continuity equations:
∂tρ5 +∇ · j5 = e
2
2pi2~2
(E ·B + E5 ·B5) (8)
∂tρ+∇ · j = e
2
2pi2~2
(E ·B5 + E5 ·B), (9)
The nonconservation of chiral charge in Eq.(8) can be
thought of as the chiral charge pumping between two op-
posite chiral Weyl nodes. On the other hand, the local
non-conservation of electric charge in Eq.(9) implies that,
the chrage can be created out of nothing. Therefore,
to get the correct physical picture, one can define the
consistent currents, which satisfy the local charge con-
servation, using topological Chern-Simons contributions.
Component-wise the topological charge and current den-
sities are given by [1–3],
ρCS =
e3
2pi2~2
(b ·B) (10)
jCS =
e3
2pi2~2
b0B− e
3
2pi2~2
(b×E) (11)
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2It is now straighforward to check that the consisten
current j˜ν = (ρ + ρCS , j + jCS) is nonanomalous i.e.,
∂ν j˜
ν = 0. The Chern-Simons contributions ρCS and
jCS have profound significance in consistent chiral kinetic
theory. The first term in jCS describes the strain-induced
CME current[4, 5]. However, this term is zero for a TRS
broken but inversion symmetric Weyl semimetal since the
energy separation between the Weyl nodes is b0 = 0. The
second term in jCS describes the strain-induced anoma-
lous Hall effect in Weyl semimetal[6–8]. Contrary to the
the planar Hall, the anomalous Hall conductivity has an-
tisymmetric property (i.e., σyx = −σxy) and occurs in
absence of B. Therefore, the way to separate the anoma-
lous Hall contribution from the planar Hall conductivity,
is to measure the total Hall conductivity for B = 0 and
B 6= 0 and then subtracting the value for B = 0. Any-
way, since the CME current and anomalous Hall current
are very different from the planar Hall current, it is evi-
dent that the topological current in Eq.(11) does not con-
tribute to both the planar Hall and longitudinal electrical
conductivity in the planar setup where electromagnetic
and pseudo-electromagnetic fields E, B and B5 as well as
planar Hall voltage are all lie in a plane (here, we choose
xy-plane).
B. Derivations of expressions for the planar Hall
conductivity
To get the analytical expression for planar Hall con-
ductivity in an IWSM, we need to evaluate the inte-
grals in Eq.(7) in the main text. This has been done
by using the spherical polar coordinate system to write
k = k[sin θ cosφ, sin θ sinφ, cos θ] and the volume element
d3k as k2dk sin θdθdφ, where k ranges from 0 to∞, θ from
0 to pi and φ from 0 to 2pi. As the last term in Eq.(7)
in the main text contains quadratic terms in B, we con-
sider the expansion of Dχk = [1 + e(B.Ω
χ
k)]
−1 only upto
the quadratic terms in B. Therefore, retaining only the
contributions due to the quadratic terms in B, we write
σχyx=
e2τ
(2pi)3
∫
d3kδ(k − µ)[vxvy + evxBy(vk.Ωχk)
+evyBx(vk.Ω
χ
k) + e
2BxBy(vk.Ω
χ
k)
2]
− e
3τ
(2pi)3
∫
d3kδ(k − µ)(B.Ωχk)[vxvy + evxBy(vk.Ωχk)
+evyBx(vk.Ω
χ
k)] +
e4τ
(2pi)3
∫
d3kδ(k − µ)[vxvy](B.Ωχk)2
(12)
Now, using the spherical polar coordinate system and
getting the integration over k done, we have
σχyx=
e2vF τ
(2pi)3
2pi∫
0
dφ
pi∫
0
dθ[
γxµ
2
v2F
sin2 θ sinφ
(γx sin θ cosφ+ 1)3
+
µ2
v2F
sin3 θ cosφ sinφ
(γx sin θ cosφ+ 1)3
+
eχByγ
2
x
2
sin2 θ cosφ
(γx sin θ cosφ+ 1)
+
eχByγx
2
sin θ
(γx sin θ cosφ+ 1)
+
eχByγx
2
sin3 θ cos2 φ
(γx sin θ cosφ+ 1)
+
eχBy
2
sin2 θ cosφ
(γx sin θ cosφ+ 1)
+
eχByγx
2
sin3 θ cosφ sinφ
(γx sin θ cosφ+ 1)
+
eχBx
2
sin2 θ sinφ
(γx sin θ cosφ+ 1)
+
e2BxByγ
2
xv
2
F
4µ2
(γx sin θ cosφ+ 1) sin
3 θ cos2 φ+
e2BxByγxv
2
F
2µ2
(γx sin θ cosφ+ 1) sin
2 θ
cosφ+
e2BxByv
2
F
4µ2
(γx sin θ cosφ+ 1) sin θ]− e
3vF τχ
2(2pi)3
2pi∫
0
dφ
pi∫
0
dθ[γxBx
sin3 θ cosφ sinφ
(γx sin θ cosφ+ 1)
+Bx
sin4 θ cos2 φ sinφ
(γx sin θ cosφ+ 1)
+γxBy
sin3 θ sin2 φ
(γx sin θ cosφ+ 1)
+By
sin4 θ cosφ sin2 φ
(γx sin θ cosφ+ 1)
]− e
4v3F τ
4(2pi)3µ2
2pi∫
0
dφ
pi∫
0
dθ[BxByγ
2
x(γx sin θ cosφ+ 1) sin
3 θ cos2 φ
+BxByγx(γx sin θ cosφ+ 1) sin
2 θ cosφ+BxByγx(γx sin θ cosφ+ 1) sin
4 θ cos3 φ+BxBy(γx sin θ cosφ+ 1) sin
3 θ
cos2 φ+B2yγ
2
x(γx sin θ cosφ+ 1) sin
3 θ cosφ sinφ+B2yγx(γx sin θ cosφ+ 1) sin
2 θ sinφ+B2yγx(γx sin θ cosφ+ 1)
sin4 θ cos2 φ sinφ+B2y(γx sin θ cosφ+ 1) sin
3 θ cosφ sinφ+B2xγx(γx sin θ cosφ+ 1) sin
4 θ cos2 φ sinφ+B2x(γx sin θ
cosφ+ 1) sin3 θ cosφ sinφ+BxByγx(γx sin θ cosφ+ 1) sin
4 θ cosφ sin2 φ+BxBy(γx sin θ cosφ+ 1) sin
3 θ sin2 φ]
+
e4v3F τ
4(2pi)3µ2
2pi∫
0
dφ
pi∫
0
dθ[B2xγx(γx sin θ cosφ+ 1) sin
4 θ cos2 φ sinφ+B2x(γx sin θ cosφ+ 1) sin
5 θ cos3 φ sinφ+ 2BxBy
γx(γx sin θ cosφ+ 1) sin
4 θ cosφ sin2 φ+ 2BxBy(γx sin θ cosφ+ 1) sin
5 θ cos2 φ sin2 φ+B2yγx(γx sin θ cosφ+ 1)
sin4 θ sin3 φ+B2y(γx sin θ cosφ+ 1) sin
5 θ cosφ sin3 φ] (13)
3θ- and φ-integrals can now readily be evaluated for an
isotropic type-I IWSM, i.e., for γx = 0. After getting
those integrals done, adequate simplification makes us
obtain the planar Hall conductivity for a Weyl node as
σχyx=
7e4v3F τ
120pi2µ2
[B2 sin 2θb +B
2
5 sin 2θs
+χBB5 sin(θb + θs)]
(14)
Again for a tilted type-I Weyl node, as |γx| < 1, ex-
panding (γx sin θ cosφ + 1)
−n (here n = 1 and 3 only)
upto the terms which contain γ2x and neglecting the terms
containing the higher orders of γx, we reach the result,
planar Hall conductivity, as
σχyx=
e4v3F τ
80pi2µ2
(
7
3
+ γ2x)[B
2 sin 2θb +B
2
5 sin 2θs
+χBB5 sin(θb + θs)] + χ
e3vF τ
30pi2
(
11γx
2
+ γ3x)
B sin θb +
e3vF τ
30pi2
(
11γx
2
+ γ3x)B5 sin θs (15)
C. Derivations of expressions for the longitudinal
magneto-conductivity
To get the analytical expression for longitudinal
magneto-conductivity in an IWSM, we need to evaluate
the integrals in Eq.(6) in the main text. This has been
done again by using the spherical polar coordinate sys-
tem as we’ve done in the previous section. As the last
term in Eq.(6) in the main text contains quadratic terms
in B, we consider the expansion of Dχk = D(B,Ω
χ
k) =
[1 + e(B.Ωχk)]
−1 only upto the quadratic terms in B.
Therefore, retaining only the contributions due to the
quadratic terms in B, we write
σχxx=
e2τ
(2pi)3
∫
d3kδ(k − µ)[v2x + 2evx(vk.Ωχk)Bx
+e2(vk.Ω
χ
k)
2B2x]−
e3τ
(2pi)3
∫
d3kδ(k − µ)(B ·Ωχk)
[v2x + 2evx(vk.Ω
χ
k)Bx] +
e4τ
(2pi)3
∫
d3kδ(k − µ)
v2x(B ·Ωχk)2 (16)
Now, using the spherical polar coordinate system and
getting the integration over k done, we have
4σχxx=
e2vF τ
(2pi)3
2pi∫
0
dφ
pi∫
0
dθ[
γ2xµ
2
v2F
sin θ
(γx sin θ cosφ+ 1)3
+
2γxµ
2
v2F
sin2 θ cosφ
(γx sin θ cosφ+ 1)3
+
µ2
v2F
sin3 θ cos2 φ
(γx sin θ cosφ+ 1)3
+eχBxγ
2
x
sin2 θ cosφ
(γx sin θ cosφ+ 1)
+ eχBxγx
sin θ
(γx sin θ cosφ+ 1)
+ eχBxγx
sin3 θ cos2 φ
(γx sin θ cosφ+ 1)
+ eχBx
sin2 θ cosφ
(γx sin θ cosφ+ 1)
+
e2B2xγ
2
xv
2
F
4µ2
(γx sin θ cosφ+ 1) sin
3 θ cos2 φ+
e2B2xγxv
2
F
2µ2
(γx sin θ cosφ+ 1) sin
2 θ cosφ
+
e2B2xv
2
F
4µ2
(γx sin θ cosφ+ 1) sin θ]− e
3vF τχ
(16pi)3
2pi∫
0
dφ
pi∫
0
dθ[γ2xBx
sin2 θ cosφ
(γx sin θ cosφ+ 1)
+ 2γxBx
sin3 θ cos2 φ
(γx sin θ cosφ+ 1)
+Bx
sin4 θ cos3 φ
(γx sin θ cosφ+ 1)
+ γ2xBy
sin2 θ sinφ
(γx sin θ cosφ+ 1)
+ 2γxBy
sin3 θ cosφ sinφ
(γx sin θ cosφ+ 1)
+By
sin4 θ cos2 φ sinφ
(γx sin θ cosφ+ 1)
+
eχB2xγ
2
xv
2
F
µ2
(γx sin θ cosφ+ 1) sin
3 θ cos2 φ+
eχB2xγxv
2
F
µ2
(γx sin θ cosφ+ 1) sin
2 θ cosφ
+
eχB2xγxv
2
F
µ2
(γx sin θ cosφ+ 1) sin
4 θ cos3 φ+
eχB2xv
2
F
µ2
(γx sin θ cosφ+ 1) sin
3 θ cos2 φ
+
eχBxByγ
2
xv
2
F
µ2
(γx sin θ cosφ+ 1) sin
3 θ cosφ sinφ+
eχBxByγxv
2
F
µ2
(γx sin θ cosφ+ 1) sin
2 θ sinφ
+
eχBxByγxv
2
F
µ2
(γx sin θ cosφ+ 1) sin
4 θ cos2 φ sinφ+
eχBxByv
2
F
µ2
(γx sin θ cosφ+ 1) sin
3 θ cosφ sinφ]
+
e4v3F τ
32pi3µ2
2pi∫
0
dφ
pi∫
0
dθ[γ2xB
2
x(γx sin θ cosφ+ 1) sin
3 θ cos2 φ+ 2γxB
2
x(γx sin θ cosφ+ 1) sin
4 θ cos3 φ
+B2x(γx sin θ cosφ+ 1) sin
5 θ cos4 φ+ 2γ2xBxBy(γx sin θ cosφ+ 1) sin
3 θ cosφ sinφ
+4γxBxBy(γx sin θ cosφ+ 1) sin
4 θ cos2 φ sinφ+ 2BxBy(γx sin θ cosφ+ 1) sin
5 θ cos3 φ sinφ
+γ2xB
2
y(γx sin θ cosφ+ 1) sin
3 θ sin2 φ+ 2γxB
2
y(γx sin θ cosφ+ 1) sin
4 θ cosφ sin2 φ
+B2y(γx sin θ cosφ+ 1) sin
5 θ cos2 φ sin2 φ] (17)
Though σχxx contains only Bx-terms when the phase
space volume is not modified, (i.e., Dχk = 1), but the
expansion of Dχk upto B
2-terms generates By-dependent
terms in the final experession of σχxx. θ- and φ-integrals
can now readily be evaluated for an isotropic type-I
IWSM, i.e., for γx = 0. After getting those integrals
done, adequate simplification makes us obtain the longi-
tudinal magneto-conductivity for a Weyl node as
σχxx=
e2µ2τ
6pi2vF
+
7e4v3F τ
120pi2µ2
[B2 cos2 θb +B
2
5 cos
2 θs]
+
e4v3F τ
120pi2µ2
[B2 +B25 ] + χ
2e4v3F τ
15pi2µ2
BB5 cos θb cos θs
+χ
e4v3F τ
60pi2µ2
BB5 sin θb sin θs (18)
Again for a tilted type-I Weyl node, as |γx| < 1, ex-
panding (γx sin θ cosφ + 1)
−n (here n = 1 and 3 only)
upto the terms which contain γ2x and neglecting the terms
containing the higher orders of γx, we reach the result,
longitudinal magneto-conductivity, as
σχxx=
e2µ2τ
pi2vF
(
1
6
+ γ4x) +
e4v3F τ
15pi2µ2
[B2 cos2 θb +B
2
5 cos
2 θs]
+χ
2e4v3F τ
15pi2µ2
BB5 cos θb cos θs +
e4v3F τ
120pi2µ2
(1 + 7γ2x)
[B2 sin2 θb +B
2
5 sin
2 θs + 2χBB5 sin θb sin θs]
+
e3vF τ
12pi2
(
23
5
γx + γ
3
x)[χB cos θb +B5 cos θs] (19)
II. DISCUSSION: MAGNETO-CONDUCTIVITY
IN A TYPE-I IWSM
Non-tilted IWSM: We have shown the angular vari-
ation (θb) of σ
C
xx and ∆σ
T
xx for a non-tilted IWSM in
Fig.(1) with θs = 0 and θs = pi/2. σ
C
xx varies as cos θb
and sin θb respectively for these two values of θs whereas
∆σTxx shows cos
2 θb variation. Thus, ∆σ
T
xx remains pos-
itive (i.e., the negative magnetoresistance) for the entire
range of θb.
IWSM with chiral tilt: We have shown the angular
50 π 2π-0.02
0.
0.02
θb
σC xx,
ΔσT xx
0 π 2π
0.
0.005
0.01
θb
σC xx,
ΔσT xx
FIG. 1. Non-tilted IWSM. The angular (θb) dependence of
σCxx (red solid line), ∆σ
T
xx (blue dotted line). We fix θs = 0
and θs = pi/2 in left and right panel respectively. The other
parameters are B = B5 = 0.7T, µ = 20meV and γx = 0. All
the conductivities are normalized by the corresponding to-
tal longitudinal conductivity without effective magnetic field
σTxx(B = B5 = 0).
0 π 2π-0.01
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σC xx,
ΔσT xx
0 π 2π-0.02
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0.04
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σC xx,
ΔσT xx
FIG. 2. Tilted IWSMs (chiral tilt). The angular (θb) depen-
dence of σCxx (red solid line), ∆σ
T
xx (blue dotted line). We
fix θs = 0 and θs = pi/2 in left and right panel respectively.
The other parameters are B = B5 = 0.7T, µ = 20meV and
γx = 0.2. All the conductivities are normalized by the cor-
responding total longitudinal conductivity without effective
magnetic field σTxx(B = B5 = 0).
variation (θb) of σ
C
xx and ∆σ
T
xx for an IWSM with chiral
tilt in Fig.(2). σCxx varies as cos θb and sin θb for θs = 0
and θs = pi/2 respectively. However, ∆σ
T
xx is clearly seen
to vary as cos θb. Thus, ∆σ
T
xx becomes negative with θb.
IWSM with non-chiral tilt: In case of non-chiral tilt,
the expressions for total LMC and PHC are calculated
as
σTxx =
e2µ2τ
pi2vF
( 13 + 2γ
4
x) +
2e4v3F τ
15pi2µ2 (B
2 cos2 θb +B
2
5 cos
2 θs)
+
e4v3F τ
60pi2µ2 (1 + 7γ
2
x)(B
2 sin2 θb +B
2
5 sin
2 θs)
+ e
3vF τ
6pi2 (
23
5 γx + γ
3
x)B5 cos θs (20)
σTyx =
e4v3F τ
40pi2µ2 (
7
3 + γ
2
x)(B
2 sin 2θb +B
2
5 sin 2θs)
+ e
3vF τ
15pi2 (
11
2 γx + γ
3
x)B5 sin θs (21)
However, the expressions for chirality-dependent LMC
0 π 2π-0.04
0
0.04
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σC xx,
ΔσT xx
0 π 2π-0.02
0
0.02
θb
σC yx,
σT yx
FIG. 3. Tilted IWSMs (non-chiral tilt). Left panel shows the
angular (θb) dependence of σ
C
xx (red solid line), ∆σ
T
xx (blue
dotted line). Right panel shows the angular (θb) dependence
of σCyx (red solid line), ∆σ
T
yx (blue dotted line). Here, tilt,
γx = 0.2, µ = 20meV , B = B5 = 0.5T and θs = 0.
and PHC are calculated as
σCxx =
4e4v3F τ
15pi2µ2
BB5 cos θb cos θs
+
e3vF τ
6pi2
(
23
5
γx + γ
3
x)B cos θb
+
4e4v3F τ
30pi2µ2
(1 + 7γ2x)BB5 sin θb sin θs (22)
σCyx =
e4v3F τ
20pi2µ2
(
7
3
+ γ2x)BB5 sin(θb + θs)
+
e3vF τ
15pi2
(
11
2
γx + γ
3
x)B sin θb. (23)
Left panel of Fig.(3) shows the angular variation (θb)
of σCxx (red solid line) and ∆σ
T
xx (blue dotted line) for a
type-I IWSM with non-chiral tilt. When strain is absent
(B5 = 0), σ
T
xx and σ
C
xx still exist as it is evident from
the Eq.(20) and (22). Our numerical calculation shows
that σCxx varies as cos θb for all values of B, B5 and θs
which clearly indicates that the second term in Eq.(22)
is dominating. Eq.(22) also informs that σCxx will vanish
in absence of external magnetic field with which it varies
linearly. On the other hand, ∆σTxx varies as cos
2 θb for
all values of B, B5 and θs, as shown in the plot. It has
quadratic variation with B and linear variation with B5.
Interestingly, Eq.(20) reveals that σTxx exist even when B
is not applied.
Right panel of Fig.(3) shows the angular variation (θb)
of ∆σTyx (blue dotted line) and σ
C
yx (red solid line) for a
type-I IWSM with non-chiral tilt. When strain is absent
(B5 = 0), σ
T
yx and σ
C
yx still exist as it is evident from
the Eq.(21) and (23). Our numerical calculation shows
that σCyx varies as sin θb for all values of B, B5 and θs
which clearly indicates that the last term in Eq.(23) is
dominating. Eq.(23) also informs that σCyx will vanish in
absence of external magnetic field with which it varies
linearly. On the other hand, ∆σTyx varies as sin 2θb for
all values of B, B5 and θs, as shown in the plot. It
has quadratic variation with B and linear variation with
B5. Interestingly, Eq.(21) reveals that σ
T
yx can exist even
when B is not applied.
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